Perimenstrual catamenial epilepsy, the cyclical occurrence of seizure exacerbations near the time of menstruation, affects a high proportion of women of reproductive age with drug-refractory epilepsy. Enhanced seizure susceptibility in perimenstrual catamenial epilepsy is believed to be due to the withdrawal of the progesterone-derived GABA A receptor modulating neurosteroid allopregnanolone as a result of the fall in progesterone at the time of menstruation. Studies in a rat pseudopregnancy model of catamenial epilepsy indicate that after neurosteroid withdrawal there is enhanced susceptibility to chemoconvulsant seizures. There is also a transitory increase in the frequency of spontaneous seizures in epileptic rats that had experienced pilocarpine-induced status epilepticus. In the catamenial epilepsy model, there is a marked reduction in the antiseizure potency of anticonvulsant drugs, including benzodiazepines and valproate, but an increase in the anticonvulsant potency and protective index of neurosteroids such as allopregnanolone and the neurosteroid analog ganaxolone. The enhanced seizure susceptibility and benzodiazepine-resistance subsequent to neurosteroid withdrawal may be related to reduced expression and altered kinetics of synaptic GABA A receptors and increased expression of GABA A receptor subunits (such as ␣4) that confer benzodiazepine insensitivity. The enhanced potency of neurosteroids may be due to a relative increase after neurosteroid withdrawal in the expression of neurosteroid-sensitive ␦-subunit-containing perisynaptic or extrasynaptic GABA A receptors. Positive allosteric modulatory neurosteroids and synthetic analogs such as ganaxolone may be administered to prevent catamenial seizure exacerbations, in what we call neurosteroid replacement therapy.
INTRODUCTION
The term catamenial epilepsy is used to describe the cyclical occurrence of seizure exacerbations during particular phases of the menstrual cycle in women with preexisting epilepsy. 1 The types of epilepsies and seizures that are susceptible to catamenial fluctuations have not been defined in detail. It seems, however, that seizures in both partial epilepsies (such as mesial temporal lobe epilepsy) and certain primary generalized epilepsies (such as juvenile myoclonic epilepsy) can exhibit catamenial exacerbations. [2] [3] [4] It has been recognized since antiquity that the menstrual cycle can influence seizure susceptibility; however, because women with epilepsy that is severe enough to exhibit cyclical changes in seizure frequency are invariably treated with antiepileptic medications, catamenial epilepsy is now a specific form of intractable (i.e., pharmacoresistant) epilepsy. With drug treatment, some of these women experience a resolution of seizures except at certain times during the menstrual cycle; others do not respond to medications. In either case, the subjects have intractable seizures. The former situation is an example of state-dependent pharmacoresistance and may provide insight into mechanisms of drug intractability.
Catamenial seizure exacerbations are reported to affect as few as 10% or as many as 70% of women with epilepsy who are of reproductive age. [5] [6] [7] [8] The large variation in prevalence is due mainly to differences in definition. Herzog et al. 2 have proposed a research definition that requires a twofold increase in average daily seizure frequency during a phase of exacerbation relative to the other phases. By this criterion, as many as one-third of women with intractable partial epilepsy meet the conditions for catamenial epilepsy. 7 Herzog et al. 2 defined three forms of catamenial epilepsy: perimenstrual (C1: days -3 to 3) and periovulatory (C2: days 10 to -13) in normal cycles, and luteal (C3: days 10 to 3) in inadequate luteal phase cycles, where day 1 is the first day of menstrual flow and ovulation is presumed to occur 14 days before the subsequent onset of menses (day -14) . The most common form is perimenstrual.
Here, we describe treatment approaches for catamenial epilepsy and provide a rationale for an investigational approach for the perimenstrual form involving exogenous administration of neurosteroids or neurosteroid analogs, referred to as neurosteroid replacement therapy.
NONHORMONAL TREATMENTS FOR CATAMENIAL EPILEPSY
There are no validated therapeutic approaches to treatment of catamenial seizure exacerbations. A few anecdotal reports suggest that the carbonic anhydrase inhibitor acetazolamide may be effective. This was supported by a recent retrospective report in 20 women with temporal lobe (n ϭ 10), extratemporal (n ϭ 8), generalized (n ϭ 1), and unclassified (n ϭ 1) epilepsy, in which 30% to 40% of the patients reported improvement in the frequency and severity of perimenstrual seizure exacerbations while taking acetazolamide. 9 Acetazolamide has a broad spectrum of efficacy, but its mechanism of action is not well understood. It is clear, however, that tolerance develops, which results in diminishing efficacy over time. 10 This means that the drug can only be administered on an intermittent basis, which is appropriate for catamenial epilepsy but not for ordinary seizure prophylaxis. This may explain why it has been adopted for use in the treatment of catamenial seizures. Still, there may be a rational basis for its use in catamenial epilepsy.
It is generally believed that the anticonvulsant effects of carbonic anhydrase inhibitors are produced by an accumulation of CO 2 in the brain, and it has been speculated that this somehow leads to reduced neuronal excitability. 11 Acetazolamide, however, would also reduce intracellular bicarbonate. Outflux of bicarbonate through GABA A receptors has a depolarizing action that balances the hyperpolarization caused by influx of chloride. 12 Although depolarizing GABA responses are characteristic of the immature brain, they also may occur pathologically in epileptic adult brain. 13 Reduction of intracellular bicarbonate has been shown to reduce depolarizing GABA responses.
14 In addition, it can be expected that there would be enhancement of synaptic and tonic GABA A receptor inhibition, mediated by perisynaptic and extrasynaptic GABA A receptors. (The role of these receptors as a target for neurosteroids is discussed later in this review.) Overall, carbonic anhydrase inhibition is expected to beneficially influence GABA inhibition and is therefore consistent with the hypothesis that altered GABA inhibition accounts for perimenstrual catamenial epilepsy, supporting the strategy of enhancing GABA inhibition as a prophylactic approach.
Synaptic GABA A receptor-mediated inhibition can also be enhanced with benzodiazepines, which are powerful broad-spectrum anticonvulsants. As is the case for acetazolamide, tolerance develops to the anticonvulsant activity of benzodiazepines, so they are of limited utility in seizure prophylaxis. Theoretically, however, they could be used on an intermittent basis for the treatment of catamenial seizures. In fact, the 1,5-benzodiazepine clobazam administered intermittently has been used to treat catamenial seizure exacerbations over long periods of time with good results.
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HORMONAL BASIS OF PERIMENSTRUAL CATAMENIAL EPILEPSY
Catamenial seizure exacerbations have been attributed to a variety of mechanisms, including fluctuations in antiepileptic drug levels and changes in water and electrolyte balance. The best accepted hypothesis posits that enhanced seizure susceptibility is related to physiological cyclic changes in ovarian hormone secretion. 16 -20 Whether there are abnormalities in hormonal dynamics that predispose to catamenial epilepsy is not known. The periovulatory form of catamenial epilepsy is believed to be related to the midcycle increase in estrogen secretion that occurs at the time of ovulation and that is relatively unopposed by progesterone until the early luteal phase. There is some evidence that estrogen has proconvulsant activity, although under some circumstances it may also be anticonvulsant. 20 -22 The molecular basis for these actions have not yet been defined.
There is more substantial evidence that the perimenstrual form is due to the withdrawal of progesterone that occurs at the time of menstruation. (An increase in the ratio of estrogen to progesterone levels during the perimenstrual period might also contribute in part to the development of perimenstrual seizure exacerbations.) The reproductive functions of progesterone are mediated via its interaction with intracellular progesterone receptors, expressed in A and B forms encoded by the same gene. The progesterone receptors are members of the nuclear receptor superfamily of transcription factors. In addition to being expressed in reproductive tissues, where they control key female reproductive events such as ovulation, maintenance of pregnancy and breast development, progesterone receptors are also expressed widely in the central nervous systems, including areas relevant to epilepsy such as the hippocampus, amygdala, and neocortex. 23 We have demonstrated, however, that the anticonvulsant effects of progesterone are not reduced in mice in which the progesterone receptor gene has been deleted by gene targeting. 24 This conclusively demonstrates that the seizure protection conferred by progesterone is not due to its interaction with progesterone receptors.
Progesterone has long been known to have anticonvulsant properties, 16,24 -27 and this results from its conversion to the neurosteroid allopregnanolone. 28 Allopregnanolone is synthesized from progesterone by two sequential A-ring reductions catalyzed by 5␣-reductase and 3␣-hydroxysteroid oxidoreductase isoenzymes. During the menstrual cycle, circulating progesterone levels are low in the follicular phase but rise in the midluteal phase for approximately 10 to 11 days, before declining in the late luteal phase. Circulating allopregnanolone levels parallel those of its parent progesterone. 29 Although the dynamics of brain allopregnanolone during the menstrual cycle have not been studied, it is likely that local synthesis of GABA A receptor modulating neurosteroids including allopregnanolone occurs in regions relevant to epilepsy such as the cortex, hippocampus, and amygdala. 30 -32 Within these brain regions, neurosteroid synthetic enzymes are localized to glutamatergic principal neurons and not GABAergic inhibitory neurons; thus, neurosteroids may be synthesized within the same neurons that express their GABA A receptor targets.
The GABA A receptor modulating neurosteroid allotetrahydrodeoxycorticosterone (THDOC), which is derived from the adrenal steroid deoxycorticosterone, also fluctuates during the menstrual cycle, with higher levels in the luteal phase. 29 Overall, the serum levels of THDOC are lower than those of allopregnanolone, 33 so that it is likely to be less relevant to catamenial epilepsy, although it could contribute. One recent study suggested that women with catamenial epilepsy may have reduced levels of THDOC throughout the menstrual cycle; 29 the significance of this finding is uncertain, but the reduced THDOC levels may be responsible for an overall enhancement of seizure susceptibility.
Allopregnanolone is a potent, broad-spectrum anticonvulsant agent that protects against seizures in diverse animal models, including various chemoconvulsant models and the 6-Hz electroshock model, and in kindled animals. 16, 34 Note, however, that both progesterone and allopregnanolone exacerbate seizures in animal models of absence epilepsy. 35, 36 The proconvulsant effects of progesterone on absence seizures requires conversion to neurosteroids, as is the case for the anticonvulsant actions of progesterone. 37 The anticonvulsant activity of allopregnanolone (and presumably also the proconvulsant activity in absence seizure models) is due to its action on GABA A receptors. 38 Allopregnanolone and related neurosteroids act as positive allosteric modulators of all GABA A receptor isoforms. 39 They are highly lipophilic molecules that easily cross the blood-brain barrier and, within the brain, readily diffuse into cellular membranes. Indeed, they appear to act on GABA A receptors by entry into the plasma membrane, where they access specific sites on the receptors by lateral diffusion or from the cell interior. 40 GABA A receptors, the main mediators of inhibition in the central nervous system, are pentameric protein complexes surrounding a central chloride-selective ion channel. 41 The major isoforms consist of two ␣, two ␤-subunits and one ␥2-subunit, which are localized to synapses (and also can be expressed extrasynaptically). In some channels, ␦ substitutes for ␥2; these less abundant channels are not targeted to synapses and are believed to be principally perisynaptic (i.e., localized around the edges of synapses) and extrasynaptic. 42 The modulating effects of neurosteroids occur by binding to discrete sites on the GABA A receptor that are located within the transmembrane domains of the ␣-and ␤-subunits that compose the receptor. 43 Through homology modeling and the use of chimeras formed between ␣-subunits and the neurosteroid-insensitive Rdl (Drosophila resistance to dieldrin) subunit, it has been determined that a highly conserved glutamine at position 241 in the M1 domain of the ␣-subunit plays a key role in neurosteroid modulation. 44 Exposure to GABA A receptor modulating neurosteroids enhances the open probability of the GABA A receptor chloride channel, so that the mean open time is increased and the mean closed time is decreased. 40 This increases the chloride current through the channel, ultimately resulting in a reduction of cellular excitability.
Neurosteroids, such as allopregnanolone and THDOC, can modulate most GABA A receptor isoforms. This distinguishes neurosteroids from benzodiazepines, which act only on GABA A receptors that (i) contain ␥2-subunits and (ii) do not contain ␣4-or ␣6-subunits. However, GABA A receptors that contain the ␦-subunit are more sensitive to neurosteroid-induced potentiation of GABA responses. 45, 46 The ␦-subunit does not contribute to the neurosteroid binding site, but appears to confer enhanced transduction of neurosteroid action after the neurosteroid has bound to the receptor. GABA A receptors containing the ␦-subunit have a low degree of desensitization and they are located perisynaptically or extrasynaptically. 42 These properties cause them to be prime candidates for mediating tonic GABA A receptor current, which is activated by ambient concentrations of GABA in the extracellular space.
Tonic GABA A receptor current causes a steady inhibition of neurons and reduces their excitability. Glykys and Mody 42 noted that GABA is a relatively low-efficacy agonist of ␦-containing GABA A receptors, even though it binds with high affinity. Neurosteroids therefore have an opportunity to markedly enhance the current generated by ␦-containing GABA A receptors even in the presence of saturating GABA concentrations. During seizure activity, there is expected to be substantial release of GABA from active GABAergic interneurons that can interact with perisynaptic and extrasynaptic ␦-subunitcontaining GABA A receptors. The powerful anticonvulsant activity of GABA A receptor-modulating neurosteroids is likely to be due to their action on both synaptic and perisynaptic or extrasynaptic GABA A receptors. The effect on the latter type of GABA A receptor may be more significant, given that ␦-subunit containing receptors are more sensitive to neurosteroids.
GABA A receptor subunit expression and the receptors composed of these subunits are not static in the cell, but rather undergo alterations that compensate for changes in the endogenous hormonal (neurosteroid) milieu and for exogenously administered pharmacological agents that modulate GABA A receptors, such as benzodiazepines or ethanol. 47 The precise changes in brain GABA A receptor subunit expression occurring during the human menstrual cycle or in rat models of catamenial epilepsy have not been determined. Nonetheless, prolonged exposure to allopregnanolone in rats causes increased expression of the ␣4 GABA A receptor subunit in hippocampus, resulting in decreased benzodiazepine sensitivity of GABA A receptor currents. 48 Although ␣4 can coassemble with ␥2 to form synaptic GABA A receptors, it preferentially coassembles with ␦ to form perisynaptic and extrasynaptic GABA A receptors. 49 Treatment of rats with allopregnanolone results in transient increased expression of the ␦-subunit in hippocampus and increased benzodiazepine-insensitive tonic current. 50, 51 Progesterone also increases ␦-subunit expression, likely as a result of conversion to allopregnanolone. 50 Estrogen enhances the effect of progesterone. 50 The basis of this effect of estrogen is not understood, but the phenomenon suggests that in physiological situations (such as in the pseudopregnancy model described below or during the human luteal phase, where there are high circulating estrogen levels) estrogen enhances the plasticity of GABA A receptors. The relevance of the increased ␦-subunit expression for catamenial epilepsy is unclear, given that ␦-subunit increases may be transitory and followed by reduced expression with chronic exposures, as in pregnancy 52 or in the prolonged luteal phase of the human menstrual cycle.
An important consequence of the incorporation of the normally low abundance ␣4-subunit into synaptic GABA A receptors is that synaptic currents generated by these receptors have accelerated decay kinetics, so that there is less total charge transfer, which likely results in reduced inhibition. 53 GABA A receptor modulating neurosteroids cause a prolongation of the decay of GABA-mediated synaptic currents. 54 Therefore, in the presence of high levels of allopregnanolone during the luteal phase, the acceleration due to ␣4 substitution is balanced. However, when neurosteroids are withdrawn at the time of menstruation, synaptic inhibition is diminished from normal, resulting in enhanced excitability, which, among other effects, predisposes to seizures.
Enhanced expression of ␣4 is associated with a compensatory reduction in ␣1 expression. 50 In vitro studies have also indicated that withdrawal of neurosteroids is associated with downregulation of ␣1-and ␥2-subunit expression. 55 Because the ␥2-subunit is required for synaptic clustering and targeting of GABA A receptors in dendrites, enhanced excitability may also result from a net reduction of synaptic GABA A receptors, although some studies have not detected the functional correlate of such receptor changes, which is reduced synaptic current. 47 Periods of exposure to neurosteroids longer than 72 hours are associated with a return in ␣4 expression to control levels. 47 The rise in ␣4 expression is therefore transitory. After prolonged periods of neurosteroid exposure, however, neurosteroid withdrawal results in a dramatic rebound rise in ␣4 expression (measured 24 hours after withdrawal). 47, 55 It is the withdrawal of neurosteroids around the time of menstruation, rather than the prolonged exposure to neurosteroids during the menstrual cycle luteal phase, that is likely to be most relevant to the enhanced excitability and greater seizure susceptibility in perimenstrual catamenial epilepsy.
As already mentioned, chronic exposure to neurosteroids is also accompanied by downregulation of ␦-subunit expression and perisynaptic and extrasynaptic GABA A receptors. 52 This change is believed to be a compensatory mechanism, which would avoid excessive sedation caused by high neurosteroid levels acting on sensitive ␦-subunit-containing GABA A receptors. At the time of neurosteroid withdrawal, ␦-subunit expression rapidly recovers. If recovery is not sufficiently fast, however, there could be an enhancement of excitability due to a reduction in tonic inhibition mediated by perisynaptic and extrasynaptic GABA A receptors in the relative absence of neurosteroids.
Overall, the basis for the enhanced seizure susceptibility in perimenstrual catamenial epilepsy is multifaceted and may include (i) withdrawal of the anticonvulsant effects of neurosteroids mediated through their action on GABA A receptors, (ii) increased expression of GABA A receptor ␣4-subunits especially after neurosteroid withdrawal, resulting in reduced GABA-mediated synaptic inhibition due to an acceleration in the decay of GABA-mediated synaptic currents, (iii) overall reduction in GABA A receptor-mediated synaptic inhibition due to reduced expression of GABA A receptor subunits (such as ␣1 and ␥2) that compose synaptic GABA A receptors, and (iv) reduced expression of extrasynaptic (␦-subunitcontaining) GABA A receptors and insufficiently rapid recovery at the time of neurosteroid withdrawal. All of these factors are related to the high levels of circulating neurosteroids during the luteal phase and the natural reduction or withdrawal of progesterone that occurs around the time of menstruation.
RAT MODEL OF CATAMENIAL EPILEPSY
To better understand the biological basis of catamenial seizure exacerbations and to evaluate potential therapies, we developed a rodent model (FIG. 1) that is designed to simulate the hormonal changes that are believed to be relevant to perimenstrual catamenial epilepsy. 56 Rodents, which are the main mammalian species used for experimental epilepsy research, have a 4 to 5 day estrous cycle. Studies of fluctuations in seizure susceptibility during the estrous cycle have not provided results that are relevant to the 28-day human menstrual cycle. 57 We therefore attempted to simulate human hormonal menstrual changes in the rat.
The basic requirement is prolonged high levels of progesterone followed by withdrawal, to stimulate the fall in ovarian secretion that occurs at the time of menstruation. Abrupt discontinuation of progesterone after chronic treatment for 3 weeks leads to proconvulsant effects. 58 This can be considered a rudimentary model of catamenial epilepsy. A more physiological means of inducing elevated progesterone (and other hormonal changes of the human luteal phase, such as increased estrogen) is a hormonal treatment regimen with pregnant mare's serum gonadotropin (PMSG) and human chorionic gonadotropin (hCG), as is commonly used to induce superovulation. 59 This state has been referred to as pseudopregnancy, 60 because it is an anestrous condition (cessation of estrous cyclicity) associated with changes in the reproductive organs and mammary glands that simulate those occurring in pregnancy.
During pseudopregnancy in the rat, which persists for 12 to 13 days, progesterone and estrogen levels are similar to those in the luteal phase of the human menstrual cycle. (Pseudopregnancy is ordinarily induced in female rats by vaginocervical stimulation, but gonadotropin treatment produces more reliable and robust sex steroid elevations.) Abrupt withdrawal from progesterone-derived neurosteroids, as is believed to occur around the time of menstruation in humans, can be induced either by ovariectomy or by injection of a 5␣-reductase inhibitor that blocks neurosteroid synthesis. 28 Such neurosteroid withdrawal is associated with a marked enhancement in anxiety-like behaviors and seizure susceptibility. 56, 60 We have proposed that the period of heightened seizure susceptibility represents a model of human perimenstrual catamenial seizure exacerbations.
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FIG. 1.
Rat neurosteroid withdrawal model of catamenial seizure exacerbations. Rats are treated sequentially with pregnant mare serum gonadotropin and human chorionic gonadotropin according to a protocol, described by Kim and Greenwald, 59 that hyperstimulates the ovary to induce massive ovarian luteinization, resulting in prolonged elevated serum progesterone levels (described as a state of pseudopregnancy). On day 11 of pseudopregnancy, animals are treated with the 5␣-reductase inhibitor finasteride, which blocks the conversion of progesterone to the neurosteroid allopregnanolone, resulting in neurosteroid withdrawal. Acute seizure testing is performed on the day after finasteride administration. For studies of effects of neurosteroid withdrawal on spontaneous seizures ( see FIG.  2B ), the gonadotropin treatment was initiated 5 months after pilocarpine-induced status epilepticus. Progesterone and allopregnanolone plasma levels are from Reddy et al. 56 ; dashed lines schematically illustrate the time course of the fluctuations in hormone levels and do not represent actual measurements (except for the data points indicated with bars). The drop in allopregnanolone levels after finasteride treatment is significant, but the change in progesterone is not significant.
The pseudopregnancy neurosteroid withdrawal model has until recently been applied only with normal healthy rats induced to have seizures with pentylenetetrazol. However, Reddy and Zeng 61 have begun to apply the model in female rats that had experienced an episode of pilocarpine status epilepticus and that exhibit spontaneous recurrent seizures. These epileptic animals exhibit a transient increase in the frequency of spontaneous seizures after neurosteroid withdrawal (FIG. 2B) . The use of epileptic animals with spontaneous recurrent seizures has greater face validity for catamenial epilepsy than does the pentylenetetrazol threshold method (FIG. 2A) . Although this new approach could possibly be more relevant to human epilepsy, it is substantially more labor intensive and is not well suited for extensive pharmacological studies.
PHARMACOLOGY OF THE CATAMENIAL EPILEPSY MODEL
The neurosteroid withdrawal model of catamenial epilepsy has been used to investigate therapies for perimenstrual catamenial epilepsy. 62, 63 A key result is the observation that conventional antiepileptic drugs have reduced potency in protecting against seizures during the period of enhanced seizure susceptibility after neurosteroid withdrawal. These studies necessarily involved drugs effective against pentylenetetrazol seizures, including benzodiazepines and valproate, which were the type of seizures used with the model. The dose-response curves for seizure protection by these agents was shifted to the right in the period of enhanced seizure susceptibility after neurosteroid withdrawal, indicating reduced potency (FIG. 3B) .
Extrapolating these results to women with perimenstrual catamenial epilepsy suggests that seizure exacerbations may, at least in part, result from a state-dependent reduction in drug sensitivity. The model therefore represents a conditional form of antiepileptic drug pharmacoresistance of the antiepileptic drug target type. 64 The increased relative expression of benzodiazepine-insensitive GABA A receptors at the time of neurosteroid withdrawal likely accounts for the reduced activity of benzodiazepines. The basis for the reduced activity of other anticonvulsant drugs is harder to define. In particular, there was a profound reduction in valproate potency, but it is difficult to speculate on the cause because the molecular mechanism of action of valproate is not well understood.
In contrast to the results with conventional anticonvulsant drugs, we unexpectedly found that neurosteroids, including allopregnanolone and THDOC and their 5␤-isomers, as well as the barbiturate phenobarbital (all of which are positive allosteric modulators of GABA A receptors) had enhanced activity in the perimenstrual catamenial epilepsy model. 63 Extensive studies were conducted with the neurosteroid analog ganaxolone (FIG.  3) . 62 Ganaxolone is the synthetic 3␤-methyl derivative of allopregnanolone [65] [66] [67] [68] (FIG. 3A) . The 3␤-methyl substituent minimizes back conversion by bidirectional 3␣-hydroxysteroid oxidoreductase isoenzymes to the hormonally active 3-keto form. Hence, ganaxolone lacks hormonal activity, unlike the endogenous neurosteroid allopregnanolone, which may have hormonally active metabolites.
Ganaxolone has pharmacological activity, including GABA A receptor modulating activity and anticonvulsant
FIG. 2.
Enhanced seizure susceptibility after neurosteroid withdrawal in an acute rat seizure model (pentylenetetrazol-induced clonic convulsions) and in a chronic epilepsy model (spontaneous recurrent seizures after pilocarpine status epilepticus). A: Convulsant doses of pentylenetetrazol for 50% (CD 50 ) and 97% (CD 97 ) of rats in (i) control diestrous, (ii) nonwithdrawn (vehicle-treated) pseudopregnant, and (iii) finasteride-treated (neurosteroid-withdrawn) pseudopregnant animals. The CD 50 and CD 97 values in withdrawn animals is significantly reduced, compared with the values from control diestrous animals and from nonwithdrawn pseudopregnant animals (p Ͻ 0.05), indicating greater seizure susceptibility (data adapted from Reddy et al. 56 ). B: Increased seizure frequency after neurosteroid withdrawal (catamenial seizure model) in epileptic animals 5 months after pilocarpine treatment. At the end of the 11 days of pseudopregnancy, rats on average exhibited approximately 2 seizures per day (ϭ100%; black bar). On the day after neurosteroid withdrawal (day 12), seizure frequency increased twofold relative to the prewithdrawal value (4 seizures per day; p Ͻ 0.05). The seizure frequency partially recovered to 2.8 seizures per day 2 days after withdrawal (day 13), which was within the baseline seizure frequency (2.6-3.0 seizures per day on days 1-2 of pseudopregnancy) (not shown) (data from unpublished study).
properties in animal models that is similar to that of the parent allopregnanolone. As with naturally occurring neurosteroids, the anticonvulsant potency of ganaxolone was enhanced after neurosteroid withdrawal. 62 Neurosteroid-withdrawn rats receiving a single dose of ganaxolone (7 mg/kg, s.c.) exhibited markedly increased protective activity in the pentylenetetrazol threshold test, compared with control animals. 69 Ganaxolone plasma and brain levels were not increased in neurosteroid-withdrawn animals, and therefore the enhanced potency of ganaxolone was not due to pharmacokinetic factors. In fact, brain ganaxolone levels were modestly reduced in withdrawn animals; the pharmacokinetic basis for this effect is uncertain. Based on the relationship between brain ganaxolone concentrations and the corresponding pentylenetetrazol thresholds, there was an approximately 70% elevation in threshold for any active brain ganaxolone concentration in the withdrawn animals, compared with controls. The enhanced activity of ganaxolone was independent of brain concentration and must relate to alterations in pharmacodynamic activity. Although the molecular basis is still uncertain, it presumably results from alterations in GABA A receptor sensitivity.
Specifically, it may relate to the relative increase in neurosteroid-sensitive ␦-subunit containing GABA A receptors discussed previously. Notably, the motor toxicity of ganaxolone was not increased in neurosteroid-withdrawn animals, 62 indicating that the alterations in GABA A receptors that account for the potentiated anticonvulsant activity are not relevant to the general sedative activity of the steroid, which is the main side effect of neurosteroids and other GABA A receptor-positive modulators. Because of the selective increase in anticonvulsant potency, the therapeutic window of ganaxolone (ratio of TD 50 for motor impairment and ED 50 for seizure protection in pentylenetetrazol test) is increased from 1.6 in control rats to 6.4 in pseudopregnant neurosteroidwithdrawn animals. 62 In recent studies, the anticonvulsant activity of ganaxolone was examined in rats with spontaneous seizures that had experienced pilocarpine status epilepticus. Ganaxolone administered after neurosteroid withdrawal sig- nificantly reduced the occurrence of spontaneous seizures in these animals (FIG. 3C) , further confirming its potential utility in the treatment of perimenstrual catamenial epilepsy.
NEUROSTEROID REPLACEMENT THERAPY
Our pharmacological results with the pseudopregnancy animal model of catamenial epilepsy suggest that neurosteroid replacement may be a useful approach to prevent catamenial seizure exacerbations. A neurosteroid or a neurosteroid-like compound such as ganaxolone could be administered in a pulse prior to menstruation and then withdrawn, or it could be continuously administered throughout the month. Although intermittent administration at the time of increased seizure vulnerability is rational, continuous administration would avoid withdrawal of the therapeutic agent, which itself could predispose to seizures. This factor, as well as the practical difficulty many women experience in predicting the time of their menstrual periods, suggests that continuous administration is preferred.
The neuroactive steroid would be administered at low doses to avoid sedative side effects. Such low doses are expected to contribute little anticonvulsant activity during most of the menstrual cycle, and so patients would require treatment with conventional antiepileptic medications. During the period of enhanced seizure susceptibility at the time of menstruation, however, the increased potency of the neurosteroid would confer protection against perimenstrual seizure exacerbations. Notably, anticonvulsant tolerance does not develop to ganaxolone and other GABA A receptor modulating neurosteroids after chronic therapy in rodents, 70, 71 indicating that these agents, unlike benzodiazepines, may be suitable for chronic treatment. Nonetheless, dosing may need to be adjusted to account for alterations in metabolism occurring with chronic exposure.
To date, 961 human subjects (including 135 children) have been exposed to ganaxolone in safety and pharmacokinetic studies (260 subjects) and various clinical trials (701 subjects). The drug is well tolerated, but causes reversible sedation and somnolence, which is dose limiting. Ganaxolone is metabolized by CYP3A to 16-hydroxyganaxolone, which is inactive, and then to various multihydroxylated metabolites. Despite this route of metabolism, the information available to date indicates that ganaxolone will have low drug-drug interactions. It could therefore be administered easily with concomitant antiepileptic drugs.
In a preliminary uncontrolled open-label study, ganaxolone was evaluated in two women with catamenial epilepsy, who appeared to have a reduction in their catamenial seizures. 72 These women received oral ganaxolone (300 mg/day, b.i.d.) starting on day 21 of the menstrual cycle and continuing through the 3rd full day after the beginning of menstruation. Prospective clinical studies are warranted to validate these preliminary observations.
CONCLUSIONS
Catamenial epilepsy is a multifaceted neuroendocrine condition. In perimenstrual catamenial epilepsy, the most common form, there is emerging evidence to suggest that neurosteroid withdrawal plays a key role in the seizure exacerbations that occur around the time of menstruation. There are currently no specific approved treatments to prevent seizure exacerbations in this condition. Anecdotal evidence suggests that progesterone may be effective, 73, 74 and a multicenter controlled trial is underway. However, progesterone is poorly absorbed orally and has a short half-life, so that it must be administered multiple times per day. Furthermore, the activity of progesterone is likely to be dependent upon conversion to allopregnanolone, and consequently individual variation in metabolism could cause variability in the response to therapy. An additional concern is that progesterone may be associated with undesired hormonal side effects. Neurosteroids and synthetic analogs such as ganaxolone might provide an effective approach for catamenial epilepsy therapy that is more reliable and does not expose patients to the risk of hormonal side effects. New oral formulations of ganaxolone are being developed with enhanced bioavailability and more consistent absorption. The treatment of catamenial epilepsy is a promising application for this investigational agent.
Disclosure
M.A.R. is a scientific founder of and has served as consultant to Marinus Pharmaceuticals, Inc., Branford, CT.
